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• Initial conditions 
(distributions)

• Stress conditions (light, bias, 
temperature, time) 

INPUT CONDITIONS

Evolutions of: 
• Device characteristics (I-V, C-V, QE-V, 

etc.) 
• Defect/complex/charge distributions
• Atomic profiles

SIMULATED OUTPUTS

• Set of included models
• Set of included reactions
• Device stack (opt.) 

MODEL INPUTS

• Defect / carrier 
kinetics

• Device simulations

CORE SOLVER

Evolutions of: 
• Device characteristics (I-V, C-V, QE-V, 

etc.)
• Charge segregation GBs, etc. (spec. 

methods)
• Atomic profiles (ToF-SIMS, GDOES, etc.) 

EXPERIMENTAL VERIFICATION

DFT calculations

1ST PRINCIPLE

Feedback

In
it
ia

l 
c
o
n
d
it
io

n
s
 (

d
is

tr
ib

u
ti
o
n
s
)

Multi-Scale Modeling of Device Metastabilities in CdTe Thin-Film PV’s

Experimental Data

Goal:  Develop defect diffusion 

theory. Calculate the defect 

properties such as:

o defect formation energy, 

o ionization energy, 

o defects interaction energy, 

o diffusion path, 

o diffusion energy barrier, etc., 

in both bulk and grain 

boundaries.

Project Objective:  The Unified Solver proposed to be developed as part of this project will enable the analysis of polycrystalline PV devices at an unprecedented depth. Greater depth, however, implies a greater challenge in obtaining accurate values in the Solver inputs. In this 

project, input parameters will be taken from the literature or derived from first-principle calculation, and will be fine-tuned through validation experiments. Systematic approaches to calculate the key input parameters will be developed. While the uncertainty in the input parameters 

may present the most significant risk to this project, a working Solver will allow us to validate results and chemical trends in a targeted approach. The existence of GBs cannot be ignored and will be embraced as a critical feature in the Solver. Additionally, a device solver will be 

an integral component of the Unified Solver, since drift and diffusion processes are influenced by the presence of electric fields, which may well be influenced by GBs and other impurities. A closed solution to the entire system will be developed.

2D Effort: Grain Boundaries

Bimolecular defect reactions formalism: R1 + R2  P

DFT Calculations

 216-atoms supercell, 

HSE06

 VASP, MedeA® sofware

environment

 Ohio Supercomputer 

Center

Single Crystal CdTe Anneal

Cui & CuCd defect system 

investigated first:

• Saturation behavior 

established as equilibrium of 

defect chemistry.

• Smooth diffusion tail formed 

by internal electric field. 

• Cu drop near interface 

achieved by Cu back 

diffusion during cool down.

• Compensation between 

Cui/Cdi and CuCd, 3x1015

cm-3 hole density.
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DFT

1D Simulation

Ea~0.46eV

Ea~0.72eV

• Discrepancy presented between 

DFT and fitted diffusion 

parameters.

• The employed diffusion barrier 

(0.72eV) was found to be close 

to the DFT calculated 

dissociation energy of Cui-CuCd, 

0.71eV

• Expand our model with 

formation and dissociation of Cu 

complexes.

1D Simulations

Without “unified infrastructure”, 

disciplines do not interact at critical levels:

Device Characterization:    Needs accurate 

models to be interpreted correctly

Semiconductor models:    Lack knowledge 

of impurity distributions  and parameters

Kinetic equations:    Can calculate 

distributions, but need parameters and Fermi 

level

DFT:    Can calculate low-level parameters but 

neither direct or indirect verification available

A multi-level Unified solver allows:

DFT to feed to material kinetics and 

semiconductor models

Material kinetics and semiconductor 

equations solved as self-consistent system in 

time and quasi-3D domain

Experiment feeds back to theory, verifies 

models and calibrates parameters

Stage is set for understanding and accurate 

prediction of metastable phenomena

Need for PREDICTS Physical Model Mathematical Model

• Grain boundary geometry 

and mesh generation can 

be done entirely via the 

GUI

• All geometric parameters 

can be set by the user. 

• Allowed geometries:

• Single Crystal

• Channel (Vertical GB)

• Horizontal GB

• Crossed GBs

• Forked GB

• Five Grains (shown)

Used Slotboom Variables

Used Finite Element Method

Time Splitting

Efficient Implementation. 

•Scales linearly with the number of Defects

•Scales linearly with the number of Reactions 

Update Self-Consistent Parameters

Solve D-D for n Solve D-D for p Solve D-D for X1 Solve D-D for Xn

Initialize Simulation

Calculate Reaction 1 Calculate Reaction 2 Calculate Reaction 3 Calculate Reaction m

…

Solve Poisson’s Equation for V

Update Time Dependent Parameters

…

Iteration

Time Step

When Converged

1D solver: 53 Users + 1 Citation

: 

https://nanohub.org/tools/predicts1d/

2D solver: 45 Users

https://nanohub.org/tools/predicts2d/

Dissemination on nanoHUB.org

Cl decoration of Grain 

Boundaries *Reactions are solved sequentially in PREDICTS 

for both 1D and 2D case.

*Grain Boundaries treated as 

region with different diffusivity.

2D Simulation a MUST!
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